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SGmiconductor substrates with different doping levels. 
The advantageous design of a selective emitter or col- 
lector structure is realised without any additional proc- 
ess step or complication of the process in comparison 
with homogeneous emitter/collector structures. The 5 
most favourable process sequence makes use of 
screen printing a solids leased dopant paste to form the 
diffusion regions by a first high temperature heat treat- 
ment step and screen printing a metal paste to provide 
the metallisation by a second high temperature heat w 
treatment step. 

The selective emitter or collector process in accord- 
ance with the present invention, for example for a photo- 
voltaic device, may have the same number of process 
steps as a typical homogenous emitter/collector proc- is 
ess and less steps than for a conventional selective 
emitter/collector process. The method of the present 
invention provides a simple and economical manufac- 
turing method for photovoltaic devices which have 
advantageous results over known homogeneous emit- 20 
ter/collector structures. Less dopant source material is 
required as compared with the homogeneous emit- 
ter/collector process, thus reducing the production cost 
while improving the final cell performance. 

The present invention is a simplification of known 25 
selective emitter or collector formation process 
sequences. The selective emitter or collector structure 
in accordance with the present invention is formed 
within only one diffusion step. No additional masking 
and/or etching process steps are needed to form the 30 
selective emitter or collector. 

Brief description of the drawings 

Fig. 1 shows a schematic top view of a known sem- 35 

iconductor device. 

Fig. 2 shows a schematic cross-section of a known 
solar cell with a homogeneous emitter/collector 
structure. 

Fig. 3 shows a schematic cross-section of a known 40 
solar cell with a selective emitter/collector structure. 
Fig. 4 shows a schematic cross-section of a further 
known solar cell with a selective emitter/collector 
structure. 

Figs. 5 to 1 0 show schematic steps in the manufac- 45 
ture of a semiconductor device in accordance with 
an embodiment of the present invention. 
Fig. 1 1 shows schematically the direct and indirect 
diffusion process in accordance with the present 
invention. 50 
Fig. 12 shows a plot of the lateral spreading resist- 
ance of a semiconductor device in accordance with 
the present invention. 

Figs. 13 to 16 show schematic steps in the manu- 
facture of a semiconductor device in accordance 55 
with a further embodiment of the present invention. 



Description of the illustrative embodiments 

In the following the invention will be described with 
reference to certain specific embodiments and with ref- 
erence to the drawings but the invention is not limited 
thereto but only by the claims In the drawings some of 
the dimensions, for instance the thickness of layers, 
may have been exaggerated for purposes of clarity. In 
particular, the invention will be explained with reference 
to a photovoltaic device, sometimes called a solar cell, 
but the invention is not limited thereto but may find appli- 
cation in semiconductor devices generally. Further, the 
invention will mainly be described with reference to the 
formation of differentiated n++- and n+-type regions in a 
p-type substrate. The invention is not limited thereto. 
The methods of the present invention may be applied to 
the formation of differentiated p-type regions in an n- 
type substrate or the formation of n++-and n+-type 
regions in an undoped or n-type substrate or p++- and 
p+-type regions in an undoped or p-type substrate. Fur- 
ther, the invention will mainly be described with refer- 
ence to a monofacial solar cell but the invention may be 
applied equally well to a bifacial solar cell. 

The use of the simple process in accordance with 
the present invention to form for instance an emitter or a 
collector with differently doped regions with -only one 
high temperature step and without using etching or 
masking techniques is not limited to solar cells. The 
technique can be used in other micro-electronic produc- 
tion processes as long as there are similar tolerances in 
the lateral size of doped regions and metal contacts and 
the diffusion profiles. Photodetectors and microengi- 
neered sensors of all types, heat conversion semicon- 
ductor devices as well as semiconductor devices of all 
types such as thyristors are other devices where a 
reduction of the production cost may be achieved by 
using the method in accordance with the present inven- 
tion. 

Figs. 5 to 10 show schematically a selective emitter 
or collector manufacturing process in accordance with 
the present invention as applied to a solar cell 1. In a 
low-cost production process in accordance with the 
present invention, the processing may start with an as- 
cut semiconductor substrate 2. The substrate 2 may be 
single crystalline, polycrystalline or amorphous silicon. 
The quality of the substrate may be less than required 
for transistor devices, for instance solar grade silicon as 
disclosed in "Solar cells" 1992, by Martin Green, Univer- 
sity of New South Wales. No limits are expected with 
respect to the size of substrate 2, and the size will 
depend upon commercially available materials. At the 
present time 10 cm x 10 cm silicon substrates with a 
thickness of 200 to 400 micron are used but the inven- 
tion is not limited thereto. The substrate 2 in accordance 
with the present invention is preferably silicon but the 
invention is not limited thereto The substrate 2 may be 
GaAs or any other similar semiconductor substrate 2 
which requires adjacent diffused doped regions with a 
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similar variation in the dopant atom concentration in 
these areas. In a complete device, the deeply diffused 
regions 12 and the shallow diffused regions 15 would 
alternate periodically showing a steep gradient at the 
transition regions where there is roughly one order of 5 
magnitude difference in the surface concentration of 
dopant atoms The higher the dopant concentration the 
lower the electrical resistance. The monotonic decrease 
in dopant concentration and associated electrical resist- 
ance from the weakly doped regions 15 towards the w 
deeply diffused regions 12 where the metal contacts 20 
will be placed in a finished solar cell provides excellent 
carrier collection properties. The increasing gradient in 
the surface concentration of dopant atoms towards the 
regions where the metal contacts will be placed in the 15 
finished solar cell facilitates the carrier transport 
towards these collecting contacts 20. In accordance 
with the present invention a monotonic increase of 
dopant atom density may be obtained in the surface 
region of the substrate 2 between the shallow regions 20 
15 and the deep regions 12 with at least a fivefold, and 
typically an order of magnitude or more, difference 
between the dopant density in the shallow regions 15 
and the dopant density in the deep regions 12. It is pos- 
sible to produce solar cells with the processing 25 
sequence of this invention with up to >1% absolute 
higher efficiencies as compared to solar cells produced 
by a homogeneous emitter or collector process without 
adding any process step and while reducing the cost 
(dopant source) of the diffusion sequence. 30 

After the diffusion step the remaining diffusion glass 
on the silicon substrate surface may be removed in an 
chemical etching solution of about 25%-50% HF in Dl 
water and the substrate 2 is cleaned and rinsed after- 
wards. The present invention includes that the diffusion 35 
glass is optionally not removed and the process contin- 
ues to an oxidation/passivation step. This may avoid an 
HF acid cleaning step which is an advantage environ- 
mentally. 

As shown schematically in Fig. 7, the diffusion 40 
sequence may be followed by an optional oxidation step 
where an SiOg layer 16a and 16b is formed on the sur- 
faces of the substrate by exposing the substrates to an 
O2 atmosphere, typically in a quartz boat, for 1 - 20 min- 
utes at temperatures ranging from 800 - 950 degree C. 45 
This Si02 layer 16a. 16b serves to passivate defects in 
the surface emitter/collector region 15 of the siiDStrate 2 
which could decrease the solar cell performance. Passi- 
vation using an oxide layer reduces the surface recom- 
bination velocity which reduces the loss of carriers, 50 
hence improving efficiency. Optionally, not only a passi- 
vating layer 16a. 16b such as an oxide may be applied 
but also an anti-reflection coating layer (ARC) 17. The 
ARC layer 1 7 may be applied by chemical vapour depo- 
sition (CVD. e.g. a TiOg layer) or plasma enhanced CVD 55 
(PECVD, e.g. a silicon nitride layer) or similar tech- 
niques. 

Finally the metallisation sequence comprises usu- 



ally two or three contact printing steps: front contact 20 
and one or two back contact patterns 21 depending on 
how many different metals are used. As shown sche- 
matically in Fig. 8. metal paste 18 is selectively applied 
to the front side of the substrate 2 in alignment with 
regions 12 that are heavily doped. A further metal paste 
19 is applied either selectively or non-selectively to the 
backside of the substrate 2. Screen printing and subse- 
quent drying is the most preferred way to apply these 
contacts, however other thick film techniques mentioned 
above or evaporation may be used instead. Each print- 
ing step is followed by a drying step at moderate tem- 
peratures around 250 degree C. e.g. by infra-red 
heaters. As shown in Fig. 9, the metal pastes 18, 19 are 
then sintered at high temperatures ranging from 650 to 
900 degree C for typically about 30 to 200 seconds to 
form good ohmic contacts 20 on the front side of the 
substrate 2 without shunting the junction 8, as well as 
good ohmic contacts 21 on the back side of substrate 2. 
The contacts 20 and 21 are formed through any ARC or 
oxide layer 16b; 1 7. The peak temperature and temper- 
ature profile (temperature versus time) are very impor- 
tant and have to be adapted for each metallisation paste 
and process sequence separately. Typically the front 
side and back side contacts screen -printed with metal 
paste 18, 19 are both sintered together in one high tem- 
perature step after having been dried separately. 
Optionally, a back surface field (BSF) layer 22 is formed 
at the same time on the back side of substrate 2 as 
shown schematically in Fig. 9. To form a BSF 22 it is 
preferred if a high temperature and aluminium paste are 
used for back surface metal contacts 21 . 

Optionally, as shown schematically in Fig. 10, an 
anti-reflection coating (ARC) layer 23 can be applied 
after metallisation rather than the ARC layer 17 applied 
before metallisation and described with reference to 
Fig. 8. Typical ARC layers may include Ti02, Si3N4, or 
Ta205, or similar materials and can be applied by vari- 
ous techniques. Metal contact sintering temperatures 
as high as 800 °C can be used for the contact formation 
without shunting the junction 8. Where aluminium is 
used for the metal contacts, sintering at such high tem- 
peratures has additional advantages as for instance Al 
gettering and BSF formation. 

Thick film techniques for applying the metal and/or 
doping pastes such as screen printing show an excel- 
lent repeatability The substrates 2 may be loaded each 
time by the screen printer into the same position under 
the screen by means of a CCD camera controlled posi- 
tioning system. Alignment of metallisation and diffusion 
patterns can be controlled if oxide and/or ARC layers 
16a. 16b; 17. 23 have been applied by utilising the dif- 
ferent colour of the slightly wider first diffusion regions 
12 under the microscope. With deposition of an ARC 
layer 17, 23, the substrate 2 shows a different colour at 
those places where the substrate has higher dopant 
surface concentrations. This is because the underlying 
oxide layer 16b grows thicker at places with higher 
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dopant surface concentration compared with the oxide 
layer 16a over the areas 15 of lower doping level. As 
long as the anti-reflective coating (ARC) layer 17 or 23 
Is applied, the underlying pattern will be visible. The rea- 
son for this is a faster oxidation at places with higher 5 
dopant surface concentration, resulting in a thicker 
oxide layer 16. After applying an ARC layer 17 or 23 this 
difference in oxide thickness becomes visible as a differ- 
ence in optical thickness and therefor colour of the lay- 
ers 16b + 17 or 23 compared to 16a + 17 or 23. 10 

It is possible to form with the simple process 
sequence according to the present invention selective 
emitter/collector solar cells with improved cell perform- 
ance (collection efficiency) without complicating the 
process or increasing the production cost. The result is is 
a more cost-effective production of solar cells. No addi- 
tional or complicated processing equipment is needed 
where screen printed diffusion was already used. At the 
same time the process tolerance is increased by using 
a selective emitter. Variation in different process param- 20 
eters as for instance in the metallisation sintering step is 
less critical than In a homogenous emitter or collector 
process. This results in a higher process yield which 
makes the process more cost-effective. 

Figs. 13 to 16 show schematically the manufactur- 2s 
ing steps of a semiconductor device 30 in accordance 
with a further embodiment of the present invention. As 
one embodiment of the present invention has been 
described in some detail with reference to Figs. 5 to 10, 
the description of the further embodiment will not be 30 
made in detail. The formation of passivation layers, 
cleaning steps and other details of the process other 
than the main doping steps will not be described. The 
process of the further embodiment is suitable for form- 
ing a photovoltaic device. 3S 

As shown in Fig. 13. a first doped paste pattern 31 
is applied selectively to a semiconductor substrate 2 
which may be a silicon substrate and may be undoped 
or may be p-type or n-type conductivity. The paste 31 
may be applied by any of the thick-film techniques 40 
described previously. The paste pattern 31 is then dried. 
The first dopant paste 31 may have either the first or 
second conductivity The first paste pattern 31 is option- 
ally protected by applying a layer of another material, 
e.g. a further paste 32. Paste 32 may have a different 45 
concentration or type compared with paste 31 or may 
be undoped. Paste 32 may be applied over a major sur- 
face of substrate 2. The paste layer 32 is then dried. 

As shown in Fig. 14. a third paste pattern 33 is 
optionally applied selectively to a further major surface so 
of the substrate 2. Paste pattern in then dried. Paste 33 
may have either the first or second conductivity. Paste 
pattern 33 and other selected parts of the surface of 
substrate 2 may be protected by the selective applica- 
tion of an undoped material 34, which may be a paste. 55 
The paste 34 may be applied by any of the thick-film 
techniques mentioned above. Paste pattern 34 is then 
dried. 



As shown in Fig. 15, another doped paste pattern 
35 may be applied selectively to a major surface of the 
substrate 2. Paste 35 may include dopant of either con- 
ductivity type. Paste 35 may be applied by any of the 
thick-film techniques mentioned above. Paste pattern 
35 is then dried. 

The patterned substrate 2 is then placed in a fur- 
nace and the dopants from those pastescontaining 
dopant atoms, e.g. 31. 33, 35, are driven into the sub- 
strate 2 to form doped layers 37, 39 and 41, respec- 
tively. At the same time the dopant atoms from the non- 
protected pastes diffuse indirectly into regions 42 of the 
substrate which are not protected to form shallow 
weakly doped regions 42. Finally, metal pastes are 
applied in alignment with the regions 37. 39 and option- 
ally 41 and sintered at high temperature to form metal 
contacts 36, 38, and optionally 40. respectively. 

In the process of the further embodiment, substrate 
2 may be p-type silicon, pastes 31 , 35 and optionally 32 
may be phosphorous containing pastes, paste 33 may 
be a boron paste and paste 34 may be undoped. Paste 
32 may be omitted. The device produced with a single 
diffusion step in accordance with the further embodi- 
ment of the present invention may be a solar cell having 
a selective emitter on the top side and a floating junction 
on the back side. Such a photovoltaic device may show 
a better cell performance than a monofacial cell with a 
conventional back side metallisation over the whole 
back surface. The device produced by the method of the 
further embodiment may be used in addition as a bifa- 
cial solar cell. 

The process in accordance with the further embod- 
iment has the advantage that solar cells can be pro- 
duced having improved efficiency values and short 
circuit currents resulting from a more ideal emitter/col- 
lector structure and a more ideal back contact. The back 
contact in accordance with the further embodiment 
does not have metallisation over the whole of the back 
major surface of the substrate 2 resulting in better back 
surface reflection or to its use in bifacial cells designs. 

While preferred embodiments of this invention have 
been described in detail above, it is to be understood 
that many changes and modifications may be made by 
those skilled in the art without departing from the scope 
and spirit of this invention. 

Clalnfis 

1. A method of manufacturing a semiconductor 
device, comprising a semiconducting substrate in 
the shape of a slice, said semiconducting substrate, 
the method comprising the steps of: 

step 1) selectively applying a pattern of a sol- 
ids-based dopant source to a first major sur- 
face of said semiconducting substrate; 

step 2) diffusing the dopant atoms from said 
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solids-based dopant source into said substrate 
by a controlled heat treatment step in a gase- 
ous environment surrounding said semi-con- 
ducting substrate, the dopant from said solids- 
based dopant source diffusing directly into said 5 
substrate to form a first diffusion region in said 
substrate immediately beneath sard pattern of 
said solids-based dopant source and, at the 
same time, diffusing said dopant from said sol- 
ids-based dopant source indirectly via said w 
gaseous environment into said substrate to 
form a second diffusion region in at least some 
areas of said substrate not covered by said pat- 
tern; and 

15 

Step 3) forming a metal contact pattern sub- 
stantially in alignment with said first diffusion 
region without having etched said second diffu- 
sion region substantially 

20 

2. A method according to claim 1 , wherein said sub- 
strate is of the first conductivity type and the dopant 
of said solids-based dopant source is of a second 
conductivity type. 

25 

3. A method according to claim 1 or 2, further com- 
prising the step of applying a passivating layer after 
said diffusing step 2) and before said metal contact 
forming step 3). 

30 

4. A method according to claim 3. wherein said passi- 
vating layer is an oxide layer 
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materials being a further dopant source of the same 
conductivity type as the said solids-based dopant 
source but with a different concentration, or being a 
further dopant source of another conductivity type 
or being undoped. 

1 0. A semiconductor device manufactured according to 
the method of any of the claims 1 to 9. comprising a 
semiconducting substrate in the shape of a slice, a 
first doped region in one major surface, and a sec- 
ond doped region in said one major surface and 
abutting said first doped region, the doping level of 
said first and second doped regions decreasing 
monotonically from said first doped region to said 
second doped region. 

11. A semiconductor device according to claim 10. 
wherein the ratio of the doping levels in said first 
and second regions is at least 5, and preferably 
about 10 or more. 

12. A method according to any of claims 1 to 9 or a 

semiconductor device according to claim 10 or 11, 
wherein said semiconductor device is a photo- 
voltaic cell. 



5. A method according any of claims 1 to 4. further 
comprising the step of texturising said semicon- 35 
ducting substrate before the selective dopant 
source application step 1). 

6. A method according to any of the preceding claims 
wherein said solids-based dopant source is a first 40 
paste applied by screen printing. 



7. A method according to any of the preceding claims, 
further comprising the step of applying an anti- 
reflection coating. 45 

8. A method according to claims 3 or 4. or 7, wherein 
said step 3) of forming a metal contact pattern 
includes forming ohmic contacts between said 
metal contact pattern and said first diffusion regions so 
by sintering through said passivating and/or said 
anti-reflection coating. 



9. A method according any of the preceding claims, 
wherein said selective dopant source application 55 
step 1) includes applying one or more further sol- 
ids-based materials to one or more major surfaces 
of said substrate, each of said further solids-based 
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